Abstract-High speed friction experiments have been performed on the ordinary chondrites El Hammami (H5, S2) and Sahara 97001 (L6, S3) using an axial friction-welding apparatus. Each sample was subjected to a strain rate of 10 3 to 10 4 s -1 , which generated 250 to 500 mm-deep darkened zones on each sample cube. Thin section analyses reveal that the darkened areas are composed of silicate glass and mineral fragments intermingled with dispersed submicron-size FeNi and FeS blebs.
INTRODUCTION
Before the development of a rigorous shock classification scheme for ordinary chondrites (Stöffler et al. 1991) , melt veins and darkening were used as two criteria for severity of shock deformation. These criteria were developed through empirical relationships between melt veins and apparent shock intensity (e.g., Anders 1964; Heymann 1967; Dodd and Jarosewich 1979) . In particular, melt veins are generally interpreted as "shock" veins, and those ordinary chondrites with pervasive dark veins have been referred to as "shockdarkened" (Heymann 1967 ). Indeed, some such "black" ordinary chondrites do exhibit severe shock metamorphism, as in Paranaiba (L6, S6) (Fig. 1a) , Tenham (L6, S6) (Fig. 1b) , Rose City (H5, S6), and Taiban (L5, S6) (cf., Rubin 1992; Britt and Pieters 1994) . Stöffler et al. (1991) advanced shock metamorphic studies by developing a laboratory-calibrated shock classification of olivine and plagioclase in ordinary chondrites and cautioned against the use of veins as sole indicators of shock intensity. In fact, they argue that shock veins are indicative of shock pressure excursions not of the overall equilibrium shock pressure. Even so, many ordinary chondrites discussed in the earlier literature have not been reclassified, and studies continue to interpret melt veins and deformation in ordinary chondrites as exclusively shockrelated. In fact, there are "black" ordinary chondrites containing extensive black veins that are not shocked. For instance, Allen (H4, S2) contains an opaque "shock" vein, while its olivine deformation features (undulatory extinction and irregular fractures) indicate a shock classification of S2 (Ehlmann and Keil 1992) . The same study notes that the presence of the "shock" vein in Allen (H4, S2) was anomalous because veins had only been observed in ordinary chondrites of shock stage 3 or higher (Stöffler et al. 1991) . Another example is Artracoona (L6), a "black" ordinary chondrite identified by Heymann (1967) as heavily shocked. Re-examination of Artracoona, however, reveals few to no shock effects, more consistent with a shock classification of S2. A third example is Arcadia (LL6) (Fig. 1c) , an ordinary chondrite with impressive 1 mm to 0.5 mm-thick veins but a shock classification of S1, based on the sharp extinction of olivine and plagioclase.
As one possible solution for the presence of "shock" veins in seemingly unshocked ordinary chondrites, Rubin (1992 Rubin ( , 2002 suggested that some ordinary chondrites have undergone shock deformation, but subsequent annealing has removed shock features from the minerals. For example, Olivenza (S3) and Kernouvé (S1) exhibit partially healed fractures and curvilinear vein segments in the silicates. Guarena (S1) and Ogi (S2), however, do not exhibit evidence for annealing; thus, they were neither shocked nor annealed (Rubin 1992) . But, all "black" ordinary chondrites with low shock stages do not exhibit evidence for shock with subsequent annealing (cf., Arcadia [LL6, S1], Fig. 1c) . How, then, can ordinary chondrites contain "shock" veins without telltale shock signatures?
Shock metamorphism creates both shock melts resulting from waste heat deposition and small pseudotachylytic veins postulated to form as a result of shock impedance mismatch across grain boundaries and void spaces (Stöffler et al. 1991; Bischoff and Stöffler 1992) . For example, extreme melting of porous materials such as the Coconino sandstone at Meteor (Barringer) Crater, Arizona, indicates focusing of shock deformation around pore spaces and enhancement of waste heat-related melting (Kieffer and Simonds 1980) . In contrast, Langenhorst and Poirier (2000) and Langenhorst et al. (2002) suggest that shock veins in the martian meteorite Zagami and in ordinary chondrites formed during shock-induced shear deformation. Such veins contain high pressure polymorphs, indicating their crystallization at high shock pressures. Further examples of shock-related frictional melt include veins in Coorara (L6, S5-6) and Chantonnay (L6, S5) (Spray 1994) . These meteorites contain veins defined by remobilized opaques and subangular clasts in addition to high pressure polymorphs (maskelynite and ringwoodite), indicative of high shock levels.
To investigate the effects of shock-induced shear experimentally, Fiske et al. (1995) conducted a shock experiment that allowed variation of strain within a sample of quartz. Upon shock pressure release, lateral deformation, similar to excavation stage deformation upon decompression and gravitational collapse (e.g., Spray and Thompson 1995) , allows shear to develop within the sample. As a result of that deformation, tiny pseudotachylyte-like veins form. The density of these veins increases in direct relation to shock pressure, thereby suggesting that shock veins are shockrelated frictional melt features (Fiske et al. 1995) . More recently, Kenkmann et al. (2000) found frictional melting necessary for vein formation at moderate to low shock pressures. For materials shocked to approximately 10 to 20 GPa, the waste heat generated by the shock is insufficient to produce melt veins, yet, they form nonetheless (Kenkmann et al. 2000) .
To assess more directly the results of Kenkmann et al. (2000) as they apply to veins in ordinary chondrites, Langenhorst et al. (2002) performed a high-explosive shock experiment on single crystal olivine that was engineered to maximize shearing of the sample. Shear was localized to several major faults that filled with black material and olivine clasts. This shock experiment, like that of Kenkmann et al. (2000) , indicated that vein and melt formation could not have occurred as a result of shock waste heat. In fact, a calculation of frictional shear heating theoretically generated during this experiment is consistent with the extent of the observed meltfilled fractures, while the temperature increase due to shock waste heat is orders of magnitude too small to account for the melting (Langenhorst et al. 2002) .
Here, we present the results of two frictional melting experiments that were specifically designed to investigate the effects of high strain rate deformation in ordinary chondrites in the absence of shock deformation. The effects of such shear deformation and frictional melting can then be compared with features generated during shock deformation, thus clarifying the interaction between frictional and shock processes. Naturally deformed ordinary chondrites are also compared with these results to better understand the formation of melt veins and their relation to shock deformation.
EXPERIMENTS Samples
Two ordinary chondrites with minimal shock effects were selected for the deformation experiments. El Hammami (H5, S2) was used for the first experiment. It is generally unweathered and has an olivine composition of Fa 18.8 and pyroxene composition of Fs 16.7 Wo 1.4 (Rubin 1998) . Using the classification scheme of Stöffler et al. (1991) , Rubin (1998) classified it as a shock stage 2, which is confirmed for our sample. The assignment of this shock stage is based on slightly undulatory extinction, weak planar fractures, and little to no mosaicism in the olivine (Fig. 2a) .
In the second experiment, Sahara 97001 (L6, S3) was used to investigate any potential mineralogical or petrological differences of frictional melt veins between the H and L chondrite groups. Sahara 97001 is more weathered than El Hammami and has an olivine composition of Fa 24.0 and pyroxene composition of Fs 20.3 Wo 1.4 (Bourot-Denise 1998). The presence of planar fractures and sparse mosaicism in olivine in our samples (Fig. 3a) indicates a shock classification of S3, which is also consistent with the classification of Bourot-Denise (1998).
Method
The axial shear deformation experiments described here represent the first attempt to characterize the frictional melting process in nonterrestrial materials. The experiments followed the method of Spray (1995) . Two cubes of a given ordinary chondrite, 1.5 cm on each side, were mounted onto separate steel cylinders with epoxy. Using a computercontrolled Blacks FWH-3 axial friction-welding rig, the samples (one stationary and one rotating) were brought into contact at room temperature, atmospheric pressure, and under dry conditions (Fig. 4) . Two experiments were performed: one using an H chondrite and the other with an L chondrite. Contact was maintained for 1.5 and 2 sec at 1200 rpm, respectively. The sustained strain rate achieved during the experiments is on the order of 10 3 to 10 4 s -1 . A brass collar was used to capture any dispersed material.
Analyses
Thin sections were made such that the cross-section of each experimental shear zone could be characterized. Elemental maps and point analyses of the frictional melt were made with the Cameca 100SX electron microprobe at the American Museum of Natural History, using a 1 µm beam spot at a 15 kV accelerating voltage and a 15-17 nA beam current. Additional point analyses were collected using the Brown University Camebax electron microprobe under similar conditions. Transmission electron microscopy analyses were performed on the Brown University Philips EM420 operating at 120 kV. EDS spectra of the frictional products were also collected during these analyses to assess the general composition of the products.
RESULTS
After separation, the sheared contact surfaces were incandescently hot, but they cooled within a second. Although some sample was lost from the edges and corners of the cubes, overall, the samples remained intact. Dark material was produced on the faces of each sample cube (Fig. 5) . The material generated during the H chondrite experiment is dark grey and smeared in a circular pattern (Fig. 5a ), indicative of axial welding. Small mm-scale ropy threads of this melt are attached to the sample cubes and also were collected in the brass collection collar. The L chondrite experimental melt products are darker grey and more friable than the H material, with a platy appearance rather than the mm-scale ropy threads (Fig. 5b) .
Silicate fragments generated in both experiments are suspended in a glassy matrix from which FeNi and FeS blebs have separated as immiscible melts. The olivine and pyroxene clasts within the shear zone occur as 5 to 10 mm fragments, while plagioclase is either melted or present in fragments smaller than 5 mm (Figs. 6a, 6c , 7a, and 7c). EDS and diffraction pattern measurements indicate that the matrix consists of amorphous nonstoichiometric enstatite (Fig. 8a) . The departure from enstatite composition can be explained by the inclusion of plagioclase melt products and the addition of an olivine component. Enstatite dominates the glassy matrix composition, however, because plagioclase is present in small amounts and olivine has a higher melting temperature and is more resistant to frictional melting than pyroxene (Spray 1992; van der Bogert et al. 2000) . The relationships between the silicate fragments and matrix are similar for both samples.
In the El Hammami products (for brevity, EHP), submicron sized blebs of FeNi and FeS are distributed throughout the glassy matrix (Figs. 6a, 7a, and 8a) . The Sahara 97001 products (S9P) also consist of submicron-sized dispersed blebs of FeNi and FeS, although FeS dominates due to its greater relative abundance in L chondrites (Figs. 6c,  7c , and 8c). Some of the FeNi blebs in the EHP are surrounded by FeS rinds (Fig. 7a) . TEM analysis of the EHP focused on a small 0.5 mm-thick dark vein adjacent to the shear zone. The metal blebs are identical to those in the main shear zone, except they are generally smaller (<<1 mm in diameter) (Fig. 8a) . TEM analyses of S9P revealed that the predominantly FeS blebs in this sample are slightly smaller than those in the EHP. The S9P also contains a greater density of metallic blebs, making it bleb-supported material in contrast to the matrix-supported blebs in the EHP. The EHP also include freshly formed 0.1-0.25 by 0.5-2 mm chromite crystals (Fig. 8b) . Smaller chromite crystals (~50 by 125 nm) are present in the S9P (Fig. 8d) . The pervasive distribution of such fine-grained opaque minerals in both samples causes noticeable optical darkening of the processed material (cf., Fig. 2a versus 2b and Fig. 3a versus 3b) . In fact, the darkening is so effective that TEM analyses must be used to confirm the presence of glass, as the experimental products are even opaque in thin section.
A zone of intense deformation extends ~250 mm into the EHP (Fig. 2b) , while the shear zone in the S9P penetrates ~500 mm (Fig. 3b) . Less intense deformation defined by the occurrence of fine metal veining extends twice as far into each sample (~500 mm in the EHP [Figs. 2b and 6b] and ~1000 µm in S9P [Figs. 3b and 6d] ). These 1 to 0.5 mm-diameter veins around fractured silicate grain surfaces are composed primarily of FeS and are illustrated by the elemental maps (Figs. 7b and 7d ). S9P exhibit a higher density of deeper penetrating FeS-dominated veins than seen in the EHP (Fig.  6d) . These fine networks of veins cause additional darkening of the shear zone with respect to the undeformed material. Barnes (1940) was one of the first to recognize the petrographic similarity between terrestrial pseudotachylyte (frictional melt) and veins in meteorites, and he suggested that both were formed by similar processes, namely "crushing and shearing under a considerable load." Indeed, evidence for shear deformation and frictional melting has been documented in several ordinary chondrites (Spray 1994; Buchanan et al. 2002) . Recent shock experiments with single crystal olivine further suggest that shock veins form during shear deformation rather than from shock impedance mismatch or pressure heterogeneities (Langenhorst et al. 2002) . Such veins have been interpreted as shock-related frictional melts. However, ordinary chondrites such as Acfer 153, described as a "friction-breccia," also exhibit extensive cataclasis and frictional melting, while being relatively unshocked (Romstedt and Metzler 1994) . Several other examples of potential frictional melts and shear deformation in ordinary chondrites are explored below and then compared with the experimental products. (Barnes 1940) , and as is the case for many of these meteorites, the dispersed metal compounds make the matrix almost opaque. Bluff (b) (L4, S3) contains more pervasive evidence of shear deformation; it is brecciated and contains many veins with silicate melt products and finely dispersed FeNi and FeS (McCoy et al. 1995) . Notably, Bluff (b) has been classified as a meteorite of S3 shock stage (McCoy et al. 1995) . Even though deformation in this meteorite has been extensive, it was subjected to only mild shock metamorphism, as indicated by the undulatory extinction and weak mosaicism of its olivine (McCoy et al. 1995) . The absence of high pressure polymorphs in the veins of many ordinary chondrites (e.g., Allen [H4, S2]) is also consistent with a shear deformation formation mechanism. In summary, shear deformation and frictional melting can be identified in ordinary chondrites through the presence of shear zones with cataclastic textures and evidence for melting, deformation of large metallic grains along these shear zones, and the reduction in grain size of metallic compounds and the dispersal of these tiny blebs within a molten matrix.
DISCUSSION

Naturally Deformed Ordinary Chondrites
One major caveat, illustrated by shock experiments designed to investigate shock-induced shear deformation (Kenkmann et al. 2000; Langenhorst et al. 2002) , is that shear deformation is a component of the shock process, suggesting that inter-grain shock impedence mismatch is not required for shock vein formation. As a result, not surprisingly, shocked ordinary chondrites exhibit characteristics of shear deformation (e.g., Spray 1994 ). When shock is classified using the Stöffler et al. (1991) scheme, however, such ordinary chondrites also will exhibit other features that uniquely characterize the extent of shock deformation. Olivine deformation features, maskelynite, and other high pressure polymorphs are critical for the separation of heavily shocked ordinary chondrites from weakly shocked ones. Indeed, the absence of definitive shock indicators in deformed ordinary chondrites primarily suggests a shear-related formation mechanism. Such shear deformation may be shock-induced as illustrated by the above shock experiments, but our experiments show that the formation of veins and darkening in ordinary chondrites does not require shock initiation.
Comparison with Frictional Melting Products
The major similarities between the experimentally generated frictional melts and certain melt veins in naturally deformed ordinary chondrites include silicates and metallic compounds. Overall, these similarities suggest that some melt veins in ordinary chondrites may form under deformation conditions consistent with our experiments. The silicate minerals in naturally deformed ordinary chondrites are consistent with those generated during our frictional melting experiment. The melt-matrix veins contain angular to subrounded silicate fragments resembling cataclasis with subsequent frictional melting.
The experiments also show that the metallic darkening agents, FeNi and FeS, are effectively melted, dispersed, and reduced in size during frictional melting. These spectral darkening agents are exactly the same as those found in some kinds of black ordinary chondrites in terms of size, shape, and composition (e.g., Britt and Pieters 1994) . For example, Ashworth (1985) analyzed several shocked L chondrites. He found darkening agents in Alfianello (L6, S5) and Kyushu (L6, S5) similar to those found in the El Hammami and Sahara 97001 experimental products (Fig. 8e) .
Chromite crystals within the dark veins of Alfianello also were reported by Ashworth (1985) (Fig. 8f) . Such crystals indicate that the temperature during the melt formation was at least 1600°C (e.g., Rubin 1992) . Rubin (1992) reported needles of chromite in some meteorites, including Dongtai (LL6, S2) and Kernouvé (H6, S1). He argued that the formation of chromite would require a shock event because of its high melting temperature. Consequently, he suggested that these meteorites were shocked and subsequently annealed to remove olivine shock signatures. Chromite crystals, however, were also generated during our frictional melting experiment in the absence of shock deformation. As a result, chromite crystals in meteorites are only indicative of high temperature processes, not necessarily shock processes.
Tiny metallic melt veins surrounding fractured silicate grains are also common in naturally deformed ordinary chondrites. Rubin (1992) noted that such FeS/FeNi trails between grains in some ordinary chondrites exceed the eutectic ratio of these phases (~5/1). Rubin (1992) suggested that this phenomenon was another shock effect because it could not occur during other less catastrophic events. The metallic veins in the frictional melting experiments, however, also exhibit this fractionation. Indeed, frictional melting may be responsible for the enrichment of FeS relative to FeNi. The first phase to melt during frictional melting is FeS. And the lower melting point and a much lower viscosity of FeS, relative to FeNi liquids, allows them to infiltrate deeper into cracks in the host material. These characteristics combine to provide a likely explanation for the non-eutectic ratio of these phases in the tiny metallic veins. In addition, the greater relative abundance of FeS in L chondrites versus H chondrites may lead to more pervasive or deeper veining, such as seen in the Sahara 97001 products.
Geologic Setting of Low Shock, High Strain Rate Deformation
If shear deformation and frictional melting can be responsible for the generation of melt veins and darkening, do scenarios exist in which this can occur without shock? Experimental (Gault and Wedekind 1977; Schultz and Anderson 1996; Schultz 1998, 2000) and theoretical (Pierazzo and Melosh 2000) studies demonstrate that peak shock pressures decrease with decreasing impact angle. The downrange momentum retained by the impactor, however, induces very high strain rates in the target as the projectile continues to penetrate (Schultz 1996) . For example, a 6 km/s impact at a 30° impact angle (from the horizontal) creates a peak pressure that is only 25% of a vertical impact peak pressure but induces a strain rate over 10 6 s -1 along the projectile/target interface. Moreover, experimental oblique impacts of silicate glass projectiles into natural silicates create melt products extended along the impact trajectory. The peak pressure in such an experiment is insufficient to induce shock melting, yet melting occurs (Schultz 1996) . This can only be attributed to the high strain rates and frictional melting during such an oblique collision.
Terrestrial landslides provide a large-scale analogue for the low pressure, high strain rate deformation that may occur during such oblique impacts. For example, thin layers of glass have been found at the basal plane of several massive landslides (e.g., Langtang, Köfels, and Arequipa). These layers form as a result of frictional drag between the bottom of the landslide and the ground over which it moves. A special quality of these slides is that they are granular flows. Granular flow dynamics better explain the behavior of landslides than models in which the slide is a solid mass. Granular flow mechanisms account for frictional interactions between the fragments in the slide that result in frictional heating of the clasts in the basal layer. Such a process is apparent in the Langtang, Köfels (Masch et al. 1985) , and Arequipa volcanic landslides (Legros et al. 2000) , as evidenced by the presence of a hyalomylonite (frictional melt) layer at the base of each slide. Legros et al. (2000) further suggest that frictional melting occurs during the last stage of the slide as it changes from nondepositional to depositional stages. Before this end stage, the main body of the flow loses energy via the frictional interaction between the clasts within the flow. In fact, gouges, grooves, striae, and polished surfaces can be found on ejecta fragments associated with both the Chicxulub structure (Pope et al. 1999 ) and the Ries impact crater (Chao 1976) . These examples of high strain rate deformation and frictional melting are analogous to low velocity, low shock oblique impacts between asteroids.
SUMMARY
High strain rate frictional melting experiments with ordinary chondrites yield two major conclusions. First, frictional melting and shear deformation (exclusive of shock) cause darkening and melt vein formation by effectively reducing the grain size and melting metal compounds that are dispersed as tiny blebs throughout a partially molten matrix filled with silicate fragments. Second, micro-scale metallic veins form along the edges of the shear zones and extend into the surrounding material causing additional darkening.
Recent shock experiments indicate that shock-induced shear deformation is critical for the formation of melt veins at low shock pressures. Our experiments show that shock deformation is not required for the formation of melt veins and darkening in ordinary chondrites. Therefore, the presence of melt veins and darkening does not imply that an ordinary chondrite has undergone severe shock deformation. In fact, high strain rate deformation and frictional melting are especially important for the formation of veins at low shock pressures. Whether shock-induced or related to oblique impactdirected material flow, frictional melting seems to produce the same characteristics regardless of how its formation is induced. As a result, the absence of definitive shock indicators is suggestive of frictional melting related to low shock or to some other impact process in the absence of shock.
